Abstract. Hepatocellular carcinoma is one of the most common cancers in the world. Previously, we found that the level of glucocorticoid receptor was significantly higher in hepatocellular carcinoma than in adjacent liver tissues. Moreover, in vitro and in vivo studies showed that glucocorticoid stimulated the growth of hepatoma cells. On the other hand, endogenous metabolites such as 2-methoxyestradiol, a metabolite of estrogen produced in liver, and lactic acid, an end-product of glycolysis can result in apoptosis of tumor cells. There are studies that glucocorticoid inhibited apoptosis induced by different chemotherapeutic drugs, whether glucocorticoid could block endogenous stresses, such as 2-methoxyestradiol-or lactic acid-induced apoptosis in human and murine hepatoma cells is not known. In this study, the antagonistic effects of dexamethasone on 2-methoxyestradiol-and lactic acid-induced apoptosis were investigated in human HepG2 and murine Hepa1-6 hepatoma cells. Treatment of hepatoma cells with 2.5-10 μM 2-methoxyestradiol or 25 mM lactic acid resulted in growth inhibition and decreased viability. In addition, results of cell cycle analysis, annexin V binding assay and DNA fragmentation formation showed that 2-methoxyestradiolor lactic acid-induced apoptosis of hepatoma cells but these effects were partially blocked by dexamethasone. Combined treatment of hepatoma cells with dexamethasone and 2-methoxyestradiol or lactic acid partially reduced the 2-methoxyestradiol-or lactic acid-induced apoptosis signal. Treatment of hepatoma cells with 2-methoxyestradiol or lactic acid resulted in up-regulation of caspase-8, -9 and -3.
Introduction
Cancer cells generate ATP by metabolizing glucose to lactic acid through glycolysis instead of oxidative phosphorylation even under aerobic condition (1, 2) . This is one of the wellknown properties of cancer cells, the so-called 'Warburg effect'. Several genes such as HIF-1α, p53, AKT and MYC have been implicated in the molecular mechanisms that contribute to the phenomenon of aerobic glycolysis (3). However, aerobic glycolysis results in the production of large amounts of lactic acid. Cancer cells have been reported to produce 40 times more lactic acid than normal cells (4) . Additionally, cancer cells grow rapidly and the supporting vasculature is often insufficient, leading to inadequate supply of oxygen and nutrition to certain regions of the tumor and waste produced by cancer cells could not be removed efficiently (5) . Consequently, cancer cells are growing in a hypoxic and acidic microenvironment. Nevertheless, what mechanism supports cancer cell survival in such an adverse microenvironment is not clear.
Hepatocellular carcinoma (HCC) is one of the most common cancers in the world and is also the leading cause of death in male cancer patients in Taiwan (6) . Female HCC patients not only have lower incidence and mortality but also have a better prognosis after treatment than that in male HCC patients (7) (8) (9) . These observations implied that sex hormones are involved in the initiation and development of HCC (10, 11) . Estrogen has been reported to play controversial roles in hepatocarcinogenesis. Several animal experiments showed estrogen induced or promoted liver tumor development (12) (13) (14) whereas tamoxifen, an antagonist of estrogen, decreased the incidence of chemical hepatocarcinogenesis (15) . On the contrary, administration of estrogen could inhibit development of chemically induced HCC in male mice and rats (16, 17) . Epidemiological observation also showed number of full-term pregnancies and use of hormonal replacement therapy, which increase exposure to estrogen during adulthood, were associated with a lower risk of HCC (18) . Opposite effects of estrogen metabolites in cancer cells could also explain the controversial roles of estrogen in hepatocarcinogenesis. Estrogen was firstly hydoxylated to catechol estrogens which may produce free radicals by metabolic redox cycling and in turn lead to increment of DNA mutation (19) (20) (21) . In contrast, catechol O-methyltransferase in the liver can convert 2-catechol estrogen into 2-methoxyestradiol which has been shown to induce apoptosis, inhibit angiogenesis, and suppress tumor growth and metastasis (22) . 2-Methoxyestradiol also inhibited growth and increased apoptosis of human hepatoma cells (23, 24) . Therefore, the lower incidence and better survival in female HCC patients may be partially contributed to endogenous 2-methoxyestradiol. 2-Methoxyestradiol can also be considered as an endogenous metabolic stress for hepatoma cells (25) .
Glucocorticoids are endogenous steroid hormones, which are necessary in mediating stress responses and they play important roles on regulation of immunological and inflammatory responses (26) . Hence, synthetic derivatives of these hormones are widely used in the treatment of inflammatory diseases. However, glucocorticoids have been found to suppress serum starvation or TGF-ß or spontaneously induced apoptosis in HTC, McA-RH7777 and McA-RH8994 rat hepatoma cells, respectively (27) . Additionally, our previous in vitro and in vivo studies clearly showed that glucocorticoid stimulated the growth of hepatoma cells. This glucocorticoid-stimulated growth was blocked by RU486, a glucocorticoid antagonist (28) . It is well known that the effects of glucocorticoids were mediated through glucocorticoid-receptor (GR). We and others have found the level of GR and its mRNA were significantly higher in human HCC than that in the adjacent non-tumor liver tissue (29, 30) . These results indicated that glucocorticoid and GR played an important role in regulating growth of hepatoma. However, whether glucocorticoid could also protect human and murine hepatoma cells from metabolic stress induced apoptosis is not clear.
In this study, we used lactic acid and 2-methoxyestradiol to induce apoptosis of hepatoma cells and found that glucocorticoid protected hepatoma cells against the stress-induced cell death. Increased expression of anti-apoptotic protein and reduced activities of caspases were involved in the protection effect of glucocorticoid.
Materials and methods
Cell culture. Human hepatoma HepG2 and murine Hepa1-6 cells were cultured in DMEM (Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine serum (Hyclone, Logan, UT, USA), 0.1 mM MEM non-essential amino acid (Invitrogen) and 1 μg/ml gentamycin (Invitrogen). Cells were grown in a humidified CO 2 incubator at 37˚C with 95% air and 5% CO 2 .
Drug treatment. Lactic acid and dexamethasone were purchased from Sigma (St. Louis, MO, USA). 2-Methoxyestradiol was purchased from Calbiochem (Darmstadt, Germany). Dexamethasone and 2-methoxyestradiol were dissolved in ethanol and DMSO, respectively. The final concentration of ethanol and DMSO were adjusted to 0.1% (v/v), and the same amount of ethanol and DMSO were added to the control medium. Hepatoma cells were cultured in medium contained 10% charcoal stripped fetal bovine serum (Hyclone) for 3 days before drug treatment. In combination treatment groups, dexamethasone was added at 24 h before the treatment of lactic acid or 2-methoxyestradol. Cells were stained with trypan blue dye at a 1:1 ratio (v/v) of cells to dye and viable cells were counted with hemocytometer under a light microscope at the indicated time points.
Measurement of apoptosis. Cells were stained with annexin-V-FITC to measure exposure of phosphatidylserine on the cell surface as an indicator of apoptosis, following the manufacturer's instruction (BD Biosciences, Franklin Lakes, NJ, USA). Briefly, after cells were treated with the indicated compounds, 1x10 6 cells were collected, washed with binding Caspase activity assay. Activity of caspase-8 and -9 were determined at 8 h after treating the Hepa 1-6 hepatoma cells with 2.5-10 μM 2-methoxyestradiol. Caspase-3 activity was measured at 12 h after drug treatment. The cells were lyzed in M-PER lysis buffer (Pierce, Rockford, IL, USA) and centrifuged at 12,000 x g for 25 min. Assays were performed in a 96-well flat-bottomed plate. Each well (100-μl) contained 100 μg cellular extracts, 0.2 mM caspase substrate, 100 mM HEPES, 10 % sucrose, 0.1% CHAPS, 10 mM DTT, pH 7.4. The DEVD-pNA, IETD-pNA and LEHD-pNA (Upstate Biotechnology, Lake Placid, NY, USA) were used as substrate of caspase-3, -8 and -9, respectively. Absorbance was measured on a microplate reader at a wavelength of 405 nm after incubation at 37˚C for 12 h.
Western blot analysis. Cell lysates were prepared in lysis buffer containing protease inhibitor mixture (M-PER, Pierce) and centrifuged at 12,000 x g for 25 min. Total protein concentration in the supernatant was measured by the Bradford protein assay (Pierce). Equal amounts of proteins (30 μg) were then separated in 15% SDS-PAGE and transferred onto a nitrocellulose membrane. The membrane was blocked in TBS buffer (20 mM Tris-HCl, 150 mM NaCl) with 0.1% Tween-20 and 5% non-fat milk for 1 h and then incubated with primary antibody for target proteins such as procaspase-3, -8, -9, Bcl-2 and Bcl-xL (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 4˚C overnight. After washing with TBS buffer with 0.1% Tween-20, the membranes were incubated with secondary anti-IgG antibody conjugated with horseradish peroxidase (Chemicon, Temecula, CA, USA) for 1 h. The membranes were then developed with enhanced chemiluminescence system (Pierce).
Statistics. Data were obtained from duplicate samples of two to three separate experiments. Comparison between the experimental and control groups were determined using Student's t-test or one way ANOVA. Difference between the means was considered as significant at P<0.05.
Results

Glucocorticoid protects hepatoma cells against lactic acidor 2-methoxyestradiol-induced cell death.
Effects of glucocorticoid on the viability of hepatoma cells were first examined by treating cells with 0.01-10 μM dexamethasone for 24-72 h and the cell viability were determined by the erythrosine B exclusion assay. HepG2 cells grew well in the charcoal stripped serum supplemented medium with almost 100% viability. Dexamethasone treatment had no significant effect on the viability of HepG2 cells (Fig. 1a) . Nevertheless, the viability of Hepa1-6 cells was only ~75% after growing in the charcoal stripped serum supplemented medium while dexamethasone treatment slightly increased the viability ( Fig. 1b) . Then, we examined the effects of dexamethasone pretreatment on stress-induced cytotoxicity. In order to mimic a metabolic stress environment of cancer cells, we cultured high density HepG2 cells in medium with exogenous lactic acid. The viability of HepG2 cells decreased after treatment with 25 mM lactic acid at 48 h while almost all cells were dead at 72 h (Fig. 2a) . Pretreatment of 1 μM dexamethasone for 24 h prevented the lactic acid-induced cell death from 75 to 90% and almost 0 to 70% at 48 and 72 h, respectively.
We next examined effects of dexamethasone on 2-methoxyestradiol-induced cell death in hepatoma cells. Murine Hepa1-6 cells were used to study the protection effect of dexamethasone on 2-methoxyestradiol-induced cell death because Hepa1-6 cells have been reported to be highly sensitive to this endogenous estrogen metabolite (23). Hepa1-6 cells were treated with 2.5-10 μM 2-methoxyestradiol for 24-48 h with or without pretreatment of dexamethasone. The viability of Hepa1-6 cells treated with 2-methoxyestradiol decreased in a were treated with vehicle control, 2.5 μM 2ME, 5 μM 2ME, 10 μM 2ME, 1 μM Dex, 1 μM Dex + 2.5 μM 2ME, 1 μM Dex + 5 μM 2ME, 1 μM Dex + 10 μM 2ME for 12 h.
dose-and time-dependent manner as compared with control while dexamethasone protected cells against 2-methoxyestradiol-induced cell death (Fig. 2b) . (Fig. 3a) . Additionally, percentage of early apoptotic Hepa1-6 cells at 12 h after 2.5, 5, and 10 μM 2-methoxyestradiol treatment was observed to be increased from 13.19% of control to 17.67, 22.89 and 31.63%, respectively. In dexamethasone-combined treatment groups, no matter which concentration of 2-methoxyestradiol was used, percentage of early apoptotic cells was ~15% (Fig.  3b) . Moreover, DNA fragmentation also was observed in HepG2 cells at 72 h after lactic acid exposure and pretreatment with dexamethasone blocked DNA fragmentation (Fig. 4) . In addition, DNA fragmentation was observed in Hepa1-6 cells treated with 5 μM 2-methoxyestradiol. In cells which received combined treatment of 2-methoxyestradiol with dexamethasone, DNA fragmentation was decreased significantly (Fig. 4) .
Glucocorticoid decreases lactic acid-and 2-methoxyestradiol
Glucocorticoid blocks lactic acid and 2-methoxyestradiolinduced-caspase activation and restores expression of Bcl-2 or Bcl-xL.
To identify the mechanism of the protection effect of dexamethasone on lactic acid-and 2-methoxyestradiolinduced apoptosis in hepatoma cells, the levels of intracellular proteins related to apoptosis, such as caspase-3, -8, -9, Bcl-2 or Bcl-xL were examined in the HepG2 or Hepa1-6 cells after lactic acid or 2-methoxyestradiol exposure with or without dexamethasone pretreatment. As shown in Fig. 5a , lactic acid induced the proteolytic cleavage of pro-caspase-8, -9, and -3 whereas dexamethasone prevented the lactic acid-induced proteolytic cleavage. Meanwhile, similar results were observed when Western blot analysis was performed to determine the changes in Bcl-2 and Bcl-xL. Lactic acid decreased Bcl-2 and Bcl-xL protein levels and dexamethasone prevented lactic acid-induced reduction of Bcl-2 and Bcl-xL protein (Fig. 5b) . Moreover, Western blot analysis revealed treatment of 2.5-10 μM 2-methoxyestradiol resulted in reduction of Bcl-xL expression and this decrease was blocked Figure 6 . The caspase activity of Hepa1-6 cells. (a) The activity of caspase-8, (b) caspase-9, and (c) caspase-3. Cells were treated with dexamethasone and/or 2-methoxyestradiol (2ME) at indicated concentrations for 8 h on both (a) and (b), for 12 h on (c). Data are expressed as mean ± SD of two replicates. * Significantly different as compared to same concentration of 2ME but no Dex treatment. P<0.05, one-way analysis of variance.
by dexamethasone (Fig. 5c) . In another experiment, total protein extracts were obtained for caspase activity assay after 2-methoxyestradiol treatment and the activities of caspase-3, -8, and -9 were measured using the colorimetric substrate DEVD-pNA, IETD-pNA and LEHD-pNA, respectively. Results showed activities of both caspase-8 and -9 were elevated at 8 h after 2.5-10 μM 2-methoxyestradiol treatment while the increased activities were not observed in cells pretreated with dexamethasone (Fig 6) . Similar results of caspase-3 activity were observed in cells treated with 2-methoxyestradiol for 12 h.
Discussion
Induction of apoptosis through the endogenous control of death signals has been proposed to be an important process in eliminating nascent tumor cells (31) . Therefore, gaining resistance to apoptosis in tumor cells is important for the development of tumor. In this study, dexamethasone prevented metabolic stress, such as lactic acid-or 2-methoxyestradiol-induced cell death. Treatment of hepatoma cells with lactic acid or 2-methoxyestradiol resulted in upregulation of caspases 8, 9 and 3 while dexamethasone partially suppressed the stress-induced caspase expression. The Bcl-2 level was induced by dexamethasone treatment but decreased after treatment with lactic acid or 2-methoxyestradiol. Pretreatment of hepatoma cells with dexamethasone partially reduced the lactic acid-or 2-methoxyestradiolinduced apoptosis signals. These results together with our finding of increased annexin V binding and DNA fragmentation after treatment of hepatoma cells with 2-methoxyestradiol or lactic acid clearly indicated that the stress-induced apoptosis of hepatoma cells could be partially blocked by glucocorticoid and resulted in increased survival.
Lactic acid is a metabolic waste generated during cell growth. It has been reported that the pH value in solid tumor is ~6.9-7.0 (32) and the averaged lactate level in solid tumor reach up to 10 mM or above (33) . In the present study, the addition of 25 mM lactic acid induced massive detachment of HepG2 cells and resulted in apoptosis. This mode of cell death is most likely because of loss of cell interaction with extracellular matrix which is considered as anoikis. Similar observation has been found in ouabain-treated Madin-Darby canine kidney cells (34) . Glucocorticoid has been reported to affect focal adhesion of osteoblasts. Cho et al have found that short-term glucocorticoid treatment had no significant effect on focal adhesion kinase or its signaling, but one-week long dexamethasone treatment resulted in changes in these signaling pathways (35) . In contrast, methylprednisolone treatment of isolated human hepatocytes had no significant effects on cell attachment at the time of cell plating (36) . Glucocorticoid has both pro-apoptotic and anti-apoptotic actions depending on tissue specificity. In solid tumor, the glucocorticoid-induced survival of epithelial cells and carcinoma cells is frequently observed. The glucocorticoidinduced changes in intracellular signaling pathways may contribute significantly to attachment to the extracellular matrix and cell-cell contacts affecting survival (37) . Therefore, our finding that dexamethasone not only effectively blocked the lactic acid-induced cell death of HepG2 cells (Fig. 2a) but also blocked the 2-methoxyestradiol-induced apoptosis of Hepa1-6 hepatoma cells (Fig. 2b) supports the hypothesis that dexamethasone interacts with the drug-induced apoptosis pathways and cell attachment.
Glucocorticoids possess antihypersensitivity activity and are often employed as antiemetics during chemotherapy (38) . However, the use of glucocorticoids has been found to protect tumor cells from chemotherapy-induced apoptosis in various cell types including breast, cervix, colorectal, gastric, hepatocellular and lung tumors (39) (40) (41) (42) . The detailed mechanism is not clear. One possibility is that glucocorticoid treatment modulated the signaling pathways of apoptosis. It has been reported that 2-methoxyestradiol-induced apoptosis of breast cancer cells was mediated by the activation of caspases 3, 8, and 9 (43) . In this study, a similar observation was found in hepatoma cells (Figs. 5 and 6 ). It is interesting that dexamethasone treatment blocked the activation of caspases in both cell lines suggesting that dexamethasone probably blocked the upstream regulators of this apoptotic pathway and its detailed mechanism needs further investigation. Alternatively, Bcl-2 and Bcl-xL are also involved in the regulation of apoptosis (44) . Treatment of human or rat hepatocytes with dexamethasone increased the level of Bcl-xL and/or Bcl-2, respectively (45). Our results showed that the levels of Bcl-xL and/or Bcl-2 were reduced after treatment with either 2-methoxyestradiol or lactic acid ( Fig. 5a and b) and this reduction was blocked by dexamethasone suggesting that Bcl-2 family may be important targets of dexamethasone in blocking apoptosis. Our results corresponded well with the observation that activation of NF-κB or increased expression of Bcl-xL is involved in glucocorticoid protection effects on serum starvation-induced apoptosis of rat hepatoma cells (46) . These results together suggest that glucocorticoid regulated the anti-apoptotic signaling pathway in hepatoma cells and increased their survival.
